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ABSTRACT 

k high-speed computer program for trajectory optimization has been 
Program speed is obtained through the use of an approximate developed. 

analytic solution to the three-dimensional equations of motion on a 
"cylindrical" Earth. The thrust attitude control. history is assumed to 
follow the "].inear-tangent" law. The method of steepest descent is used 
to determine the control parameters that maximize payload while simul- 
taneous].~ satisfying terminal constraints. 
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1. IN'I'RODIJCTION 

The development of t he  ht&-speed d i g i t a l  computer has made it possible 

t o  apply sophis t icated numericel techniques t o  the  pl-o$lem of t r a j e c t o r y  

optimization. The steepest-descent method, i n  pa r t i cu la r ,  has been used 

q u i t e  successfully t o  evaluate t h e  performance of rocket boosters. 

preliminary design s tudies ,  however, where a great many configurations 

must be evaluated, conventional numerical methods may require  an excessive 

amount of computer time. 
grat ion of numerous d i f f e r e n t i a l  equations. 

For 

Most of t h i s  time is taken up by repeated inte-  

In PRESTO 11, most of t he  numerical integrat ion is eliminated through 

the use of an approxjmate ana ly t i ca l  solut ion t o  the  equations of motion. 

'Fhe pi tch and y a w  components of t he  t h r u s t  a t t i t u d e  h i s t o r y  f o r  t h e  u m e r  

staces are made up of one or  two segments which follow the  l inear-tangent 

ru l e ,  i.e., t h e  targent  of the a t t i t u d e  angle i s  equal t o  a + bt .  Thc first 

s tage i s  assumed t o  i'ly a t  zero anqle of attack. 

cmployinp; t h e  steepest-descent method, i s  used t o  f h d  t h e  values of t h e  

controls  which meet t e r m i n a l  constraints  and maximize payload. In addi t ion 

t o  the  t h r u s t  a t t i t u d e  histoyy, t h e  controls t h a t  can be optimized are the  

i n i t i a l  f l i p h t  path angle and azimuth, t h e  launch time, t h e  length of a 

coast  between two powered stapes, and the cutoff and ign i t ion  times f o r  a 

restartable final. stage. 

An i t e r a t i v e  procedure, 

It is  known t h a t  the linear-tangent law Drovides an optimal solut ion t o  
the  ascent  problern if one makes a "flat-Earth" assumption. 

closed-form sol.ution t o  the equations of motion i s  available for t h e  "flat- 

barth" case. The 

Furthermore, a 

In  PRWTO 11, t h e  Earth is represented by a cylinder. 
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equations of motion i n  the p i t ch  plane include the cen t r i fuga l  and Cor io l i s  

accelerat ions.  

plane motion. 

that i s  measured w i t h  respect  t o  t h e  local hor izonta l  r a t h e r  than a f ixed  
I 

direct ion.  1 

Lateral motion is assumed t o  be uncoupled from t h e  pi tch-  

The linear-tangent l a w  is applied t o  a thrust attitude angle 

The tra,jectory of the f irst  s tage of t h e  booster vehicle  i s  in tegra ted  
, 

numerically. 

f l i gh t  path angle and launch weight because of t he  zero angle of a t t ack  

assumption. 

as a function of flight path angle i s  formed. This table is then used t o  

represent t h e  f irst  stage during the  optimization process. 

The first s tage t r a j e c t o r y  is a funct ion only of the i n i t i a l  

A table of t r a j e c t o r y  variables at  the  end of the f irst  s tage  

After an optimum t r a j e c t o r y  has been obtained on PRESTO 11, t he  optimum 

controls  a r e  used t o  run a numerically integrated t radectory on PRESTO. 
Terminal conditions w i l l ,  i n  general, not be satisfied because of t h e  approxi- 

mations i n  the  closed-form solut ion.  A backward guidance run and a f i n a l  

guided run are then made on PRESTO t o  produce a numerically in tegra ted  tra- 
jec tory  which meets terminal  conditions and provides a near-optimum payload. 

A descr ipt ion of the propam, together  with flow diagrams f o r  t h e  l a rge r  

subroutines, i s  presented i n  Section 2. The nomenclature introduced i n  the 

PRESTO I1 subroutines is defined i n  Section 3. 
f o r  operatinp: t he  propram. 

and Section 6 DrOVideS a der iva t ion  of t h e  approximate so lu t ion  t o  t h e  equa- 

t i o n s  of motion. 

Section 4 serves as a manual 

The optimization equations are derived i n  Section 5 

J>HES:STO I1 makes use of the  nomenclature and log ica l  arrangement of 

It is therefore  suggested tha t  t h e  P:iES'Kl t o  as great a degree as possible. 

reader have the  PRESTO f i n a l  repor t  ava i l ab le  for reference. 
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2. PROGRAM DESCRIPTION 

PRESTO I1 i s  wr i t t en  i n  the  Fortran IV language. The program is composed 

of two d i s t i n c t  par t s .  One D a r t  i s  the  DELTA version of t he  or iRina l  PRESTO I -. 

program with a few subroutines a l t e r ed .  

new subroutines associated with P R W T O  11. 

of t h e  program w i l l  be r e fe r r ed  t o  as PRl3sTO and PRtiSTO 11. 

The other  p a r t  is composed of t he  

In t h i s  sect ion,  t he  two pa r t s  

PRESTO I1 i s  comprised of the  following subroutines: 

I , MAIN 

STAGE 1 

P ERTRB 

TRAJ 2 

NSTOP 2 

COAST 2 

CONC 

MdQ 2 

CONVRT 

VALUAT 

LOOK 2 

OPCNL 2 

RUNGkX 

NTZRT 

LIFT 

EQUATN 

The following subroutines are taken from the  ‘PRESTO program: 

PRLEYPO (MAIN of PRESTO) 

TAAJ 

PCAT, 

OPCNL 

rnQ 
INSTOP 

I C s  

I) l!Q 

COAST 

HKAD 

MISCON * 
SYMVRT * 
Il lOK * 
INER * 
ATMOS * 
LUNEPH * 
P w m  * 
R E I N  * 
OPTION * 
WIC * 

The f’unction of each of t h e  PRESTO I1 subroutines i s  discussed here. 
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Subroutine hrnctions 

MAIN 

The operations performed i n  t h e  PRESTO I1 MAIN program are similar t o  

those performed i n  t h e  PRESTO MAIN program. Additional calculat ions are 

made t o  set  up t h e  i n i t i a l  values of t h e  con t ro l  and vehicle parameters. 

closed-form l i f t - o f f  calculat ion has been removed t o  a separate Subroutine. 

A t  t h e  end of t h e  PKbYjW I1 i t e r a t i o n s ,  subroutine PRESTO is ca l l ed  t o  begin 

the  numerical integrat ion of t h e  tra,jectory. 

The 

STAGE 1 

The t r a j e c t o r y  f o r  the first s tage of a vehicle launched from the Earth 's  

surface i s  computed here. 

f i r s t  stage, as a f'unction of t h e  i n i t i a l  f l i@t path angle, is s tored i n  

t h e  two dimensional array,  GTABLE. 

are made i n  CITABLE. 

t h e  second is f o r  yI plus DEEAM. 

then computed and s tored i n  QGTABL. 

QGTABL are made only when the i n i t i a l  f l i g h t  path angle falls  outside of 
t h e  region already included i n  t h e  table. There is  room f o r  twenty-five 

e n t r i e s  on each side of t h e  i n i t i a l  table entry.  

A table of t r a j e c t o r y  variables a t  the end of t h e  

A t  t he  beginning of each case, two e n t r i e s  

The first is f o r  t h e  i n i t i a l  f l i g h t  path angle, yI , and 

The slope of t h e  t r a j e c t o r y  variables is 

Thereafter, new e n t r i e s  i n  CITABLE and 

If the f ixed - f ina l  s tage option is being used, so t h a t  the launch w e i g h t  

i s  adjustable,  the influence of launch weight changes must a l s o  be determined. 

I n i t i a l l y ,  t h i s  is done by perturbing the launch mass by ,001times t h e  

i n i t i a l  mass. 

mass change is  s tored i n  the OKMS array. 

e n t r y  i n  GTARTX. 

associated with it. 
stored i n  t h e  array GMASS. 

mass is  compared with t h e  GMASS associated with t h e  current  f l i g h t  path 

angle. 

slope, OKM 1, t o  obtain t h e  correct ion i n  f irst  stage burnout conditions due 
t o  t h e  change i n  launch weipbt. 

The change i n  the  first stage burnout conditions due t o  t h i s  

There i s  an en t ry  i n  OKMS f o r  every 
n u s ,  every i n i t i a l  f l i g h t  path angle has a mass Slope 

Furthermore, f o r  every table entry,  t h e  launch mass. Is 

When a table lookup i s  made, t h e  current  launch 

"his mass difference is mult ipl ied by t h e  cu r ren t  value of t h e  mass 

A new mass slope is computed after NrNKM 1 

e n t r i e s  have been made i n  GTABLE. NWKM 1 is input by t h e  user. 
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The same s o r t  of correct ion is  m a d e  i f  the launch azimuth is adjustable.  

The current  value of the azimuth slope is  stored i n  t h e  second hal-f of OKM 1. 
A new slope i s  computed whenever t he  i n i t i a l .  azimuth changes by more than 

DELPSI. DELPSI i s  a l s o  input by the user.  

The t r a j e c t o r y  variables a t  the  end of the first stage are placed i n  F1 

and are returned t o  t h e  c a l l i n g  program by means of an argument list.  

A f l a w  cha r t  f o r  STAGE 1 is  at the  end of t h i s  section. 

PERT’RB 

The s e n s i t i v i t i e s  of t h e  terminal  constraints  and stopping parameters t o  

changes i n  t h e  con t ro l  variables are computed here. 

w a r d  i n t eg ra t ion  performed i n  PRESTO. 

an amount, DZLCON, set by the  user. A t r a j e c t o r y  is then computed. The 
perturbed terminal conditions are compared with the  nominal terminal conditions 

t o  determine the influence of t he  con t ro l  change. 

PERTRR replaces t h e  back- 

Each of the  controls  is perturbed by 

A flow cha r t  f o r  PERTRB i s  a t  t h e  end of t h i s  section. 

‘ImJ 2 -- 
TRAJ 2 performs t h e  same operations as does TRAJ i n  PRESTO. TRAJ 2 is 

considerably smaller than TRAJ because of the absence of a backward t r a j ec to ry .  

The subroutine has also been shortened through the use of a common area f o r  

determining the  t r a j e c t o r y  during each stage. 

A flow chart  f o r  THAJ 2 is at the  end of t h i s  section. 

N3NP 2 

This subroutine interpolates  t o  the  correct stopping parameter. 

COAST 2 

? . ? c t h ~  ICTC?SS a c%.s+. stage is determined here. The equations used are 

from t h e  C O S T  rout ine i n  PRg’3TO. 

CONC 
_I_ 

The c o n t r o l  variables t o  be used on the next t r a j e c t o r y  are computed. 



ME& 2 

The matrices required t o  compute the  cont ro l  changes i n  CONC are com- 
puted. See Section 5 f o r  a der iva t ion  o f t h e  equations used. 

CONVRT 

The t r a j e c t o r y  var iab les  associated with the  cy l ind r i ca l  coordinate 

system a re  converted t o  the  geographic coordinates used i n  PRESTO. 

t i ons  used are given i n  Section 6. 
The equa- 

VAWAT 

The der iva t ives  used i r l  t he  numerical in t eg ra t . i nn  nf' the first stage 
are computed. 

TDOK 2 

This rout ine i s  similar t o  'LOOK. It provides the  l i nea r  in te rpola t ion  

used i n  STAC,!: 1. 

OPCNL 2 -_- 

The t r a Jec to ry  variable;; a t  the  beKinning and end of each s tage  art? 
output. 

This siibroutine provides the numerical inteprat,ion formulas used f o r  tkc 

first stage. It i s  similar t o  W A D .  

"ha in tegra t ion  of t h e  Yirst StaRe I s  control led.  

The closed-form l i f t -o f f '  cal cu la t ion  I s  performed. 

EQUATN -- 

The approkjmate anal$ic so lu t ion  t o  the  equations of motion I S  coylputcd. 
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The r e s u l t s  a r e  s tored  in t he  a r ray ,  UVH, and are returned t o  the c a l l i n g  

prof5ram through an argument l ist .  

The following PRESTO subroutines have been changed. 

PRESTO 

PRESTO i s  the  subroutine name f o r  the  MAIN rout ine of t he  PRESTO program. 

The i n i t i a l  setup operations now appear i n  the PRIST0 I T  MAIN and have been 

removed from subroutine PRESTO. 

PRESTO, it runs a nominal t r a j ec to ry ,  a backward midance t r a j ec to ry ,  and a 

f i n a l  guided run. 

When t h e  program i s  under t h e  cont ro l  of 

Control i s  then returned t o  the  MAIN program. 

TRCET - 
A change has been made so t h a t  an intermediate cons t ra in t  ( c i r cu la r  park 

o r b i t  o r  radius of per igee)  w i l l  be appl ied on the f i n a l  guided run if it w a s  

used i n  PRESTO 11. 

PCAL - 
The t h r u s t  a t t i t u d e  angles are computed from the  PRESTO I1 angles on 

t h e  nominal t r a j ec to ry .  

The equations used here are derived i n  Section 6. 
This computation replaces the  t a b l e  look-up i n  PRESTO. 

R E I N  and WIC 

ChanRes associated with the  PRESTO I1 data  requirements have been made. 

Use of PRESTO I1 Without PRESTO --- - 

If a numerically integrated t r a j e c t o r y  is not required, t he  s i z e  of t he  

Prop;ram can be g rea t ly  reduced by eliminating many of the  PRESTO subroutines. 

PRESTO II can r u n  by itself using a l l  of the  PRESTO I1 subroutines plus  those 

I’RILSTO subroutines iden t i f i ed  by an ae t e r i sk  on page 2-1. A dummy subroutine 

PRXSTO is  also required. 



I 

Use of COMMON Variables 

The variables  s tored  i n  COMMON have been separated i n t o  three  groups. 

me graup, known as the  common COMMON, is used i n  a l l  subroutines t h a t  empby 

COMMON. A second group of variables which are used only i n  PRFSTO I1 sub- 

routines appears at the  end of common COMMON i n  t h e  PRESTO TI subroutines. 

A t h i rd  group of variables which are used only i n  the  PRESTO subroutines 

appears a t  t h e  end of common COMMON i n  the  PRESTO subroutines. 
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3. DEPINImONS OF PRESM I1 VARIABLES 

The variables introduced i n  the PRESTO I1 subroutines are defined here. 

CA 

CB 

CE 

CF 

CON 

Pitch plane steady-state cont ro l  angle f o r  cur ren t  stage 

Pi tch  plane slope f o r  current  stage 

Yaw plane s teady-state  cont ro l  angle f o r  cur ren t  s tage 

Yaw plane slope f o r  current  stage 

Vector of current  values of adJustable parameters 

3. 
4. 
5.  
6 .  
7. 
8. 

9. 
10. 

11. 

12. 

13 * 
14. 
15 
16. 
17. 
18. 

CNTRL1 Data 

C " R L 2  Data 

Length of coast  a f t e r  f i rs t  burn i n  stage 4 
Length of f irst  burn i n  stage 4 
Length of coast  after stage 3 
Length of coast  after stage 2 

Mngth of coas t  a f t e r  s tage 1 

Launch time of day 

I n i t i a l  azimuth 

I n i t i a l  f L i g h t  path angle 

I n i t i a l  value of p i t ch  plane cont ro l  variable f o r  segment one (a,) 
Slope of p i tch  plane control  variable for serpnent one (bl) 

I n i t i a l  value of yaw plane con t ro l  variable f o r  segment one (e ) 

Slope of yaw plane control  variable for segment one (fl) 
I n i t i a l  value of p i t ch  plane con t ro l  variable f o r  segment two (a2) 

Slope of p i t c h  plane control  variable for segment two (b ) 
I n i t i a l  value of yaw plane cont ro l  var iab le  for segment two ( e  ) 

Slope of yaw plane control  variable f o r  segment two (f2) 

1 

2 

2 

block 40 

block 41 

DXLCON 

Dx-i-&"; 

Vector of magnitudes of perturbati.ons of addustable parameters 

mtz blcek 43 
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Magnitude of launch mass perturbation 

Data  block 43 

Data block 42 

Conversion f ac to r  f o r  converting degrees t o  radians 

Vector of powered s tages  exhaust ve loc i t i e s  

Vector of t h rus t s  f o r  powered s tages  

Vector of miscellaneous var iables  

1 

2-7 

Stored value of ST3(l) preceding c i r cu la r  park o r b i t  

Stored values of unperturbed s tage 1 burnout conditions 

used t o  determine s e n s i t i v i t y  of stage 1 burnout conditions 

t o  i n i t i a l  azimuth 

Stored value of GAMI a t  start of the c i r c u l a r  park o r b i t  

Stored value of X ( 3 )  a t  start of t he  c i r c u l a r  park o r b i t  

Stored value of X(4) a t  the  end of the  t r a j e c t o r y  

8 

9 
10 

Vector es tabl ished i n  STAGE 1 rout ine w i t h  s tage 1 burnout Values 

of u, v, h, 7 ,  4 

I n i t i a l  f li&t path angle 

and A, and returned t o  c a l l i n g  rout ine I’ 

Lsunch mass vector associated with GTABLE row entries ( for  i n i t i a l  

f l i p b t  path angle y ) of integrated first stage f i n a l  t r a j ec to ry  

var iables  u, v, h, 7 ,  $ 

I n i t i a l  azimuth vector associated w i t h  GTABU row e n t r i e s  ( for  

i n i t i a l  flight path angle yI) of integrated first s tage f i n a l  
tra3ectory var iables  u, v, h, 7 ,  t1, and h ( i n  STAGE 1 rout ine)  

I 
and A ( i n  STAGE 1 rout ine)  I’ 

F i n a l  t r a j ec to ry  variables u, v, h, T, p,, and h f o r  values of 
i n i t i a l  f l i & t  path angle yI. 
by STAGE 1 rout ine 

A table matrix es tab l i shed  and used 

Vector of werage a l t i t u d e s  of parered s tages  

Data block 45 

Data bl-ock 44 

Used i n  MEQ2 t o  fndicate  whether opttmization ind ica to r  shall. be computed 
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JSTABL 

KASE 

KNSTRN 

N W S T  

NCNSTR 

N E W 1  

I NuMSG 

Code of ad jus tab le  parameter being processed i n  PERTRB rout ine  

Used i n  STAGE 1 rout ine t o  indicate  whether i n i t i a l i z a t i o n  of GTABLE 
i s  needed 

Code of terminal  cons t ra in t  being processed i n  PERTRB rout ine 

Sequence number of adjustable  parameter being processed i n  PERTRB 

rout ine  

Sequence number of terminal  constraint  being processed i n  PhXTFB rout ine  

Data block 43 

A vector  ind ica t ing  for  each stage i ts  r e l a t i o n  t o  cont ro l  segments: 

1 f o r  being included i n  cont ro l  segment one; 2 

semen t  two; and 0 

First pwered stage i n  segment one (I&) 

Last puwered staTe i n  segment one (KKk) 

F i r s t  powered stage i n  segment two (KKk) 

Current segment number 

Number of segnents 

Last s tage used i n  a forward t r a j e c t o r y  (KK1) 

F i r s t  powered s tage i n  segment one (KK1) 

F i r s t  powered s tage i n  segnent two (KK1) 

Adjustable coas t  s tage (KK1) 

F i r s t  burn i n  fourth s tage (KK1) 

Number of angle controls  plus other aidjustable parameters 

MISCON c a l l i n g  key 0 - do not c a l l  MISCON 

for  being i n  cont ro l  

for not being included i n  a cont ro l  segment 

1 - c a l l  MISCON 

nut, *as--- uot-v nL1- L_v-LI -nor+  c+nae I ---- ( ~ 1  
Last powered staee i n  t r a j ec to ry  (m4) 

Seppent ind ica tor  of ad jus tab le  cont ro ls  being perturbed i n  PKRTREI 

Indica tes  presence of s tage 8 0 - s tage  8 not used 

1 - s tage  8 used 
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Available 

LLl9 

LT20 

1lLz.L 

~ r 2 2  

LJ2  3 

L124 

Lr2 5 

~ ~ 2 6  

~ ~ 2 7  

~128 

LJ-29 

L L ~ O  

OKMl 

oms 

OKs 

OKZ 

Trajectory parameter pr in tout  key 1 - i n i t i a l  stage 1 values 
2 - f i n a l  stage 1 values 
3 - i n i t i a l  puwered stages 
4 - f i n a l  powered s tages  

5 - i n i t i a l  coast  stages 
6 - f i n a l  coast  s tages  

Weip,ht (OMIi) subscr ip t  f o r  p r in tou t  (OPCI") 

Nominal o r  perturbed t r a j e c t o r y  0 - nominal t r a j e c t o r y  

1 - perturbed t r a j e c t o r y  

Current v a h e  f o r  t he  powered s tage i m d i a t e 1 . y  folluwing t h e  last 

coast  s t w e .  If t he re  i s  no coast  stage, it is equal t o  LL7. 

Assigned go t o  in teger  variable for LZ21 

A v a  i lab l e  

Available 

Ava i lab l e  

Available 

A m i  lab le 

Available 

Available 

Ava i lab l e  

F i r s t  s i x  elements are s e n s i t i v i t i e s  of stage 1 burnout conditione 

t o  launch mass. 

out conditions t o  i n i t i a l  azimuth. 

Stored values of first s i x  elements of OKMl 

Other s i x  elements are s e n s i t i v i t i e s  of s t age  1 burn- 

Sens i t i v i ty  matrix of terminal  cons t r a in t s  t o  ad,justable parmeters 

for a f ixed value of t he  stopping parameter 

Sens i t i v i ty  matrix of terminal cons t r a in t s  t o  ad jus tab le  parameters 

f o r  a f ixed  value of t h e  f i n a l  s t age  mass ratio 
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OIS S e n s i t i v i t y  of terminal cons t ra in ts  t o  launch mass for a f ixed  value 
of t he  stopping parameter 

015 S e n s i t i v i t y  of terminal cons t ra in ts  t o  launch -6 for a f ixed  value 

of t h e  f i n a l  stage mass r a t i o  

OMI Vector of each powered stage's i n i t i a l  and f i n a l  masses 

OM S e n s i t i v i t y  of stopping parameter t o  adjustable parameters f o r  a 
fixed vahc of the  f i n a l  stage mass r a t i o  

ON2 Sens i t i v i ty  of stopping, parameter t o  launch mass f o r  a f ixed  value 

of the  f i n a l  stage mass r a t i o  

PCON Vector of values of achieved adjustable parameters which are perturbed 

by the vector D h C O N  i n  the  PERl?RB rout ine  

PGAMA1 Value of i n i t i a l  f l - ight  path angle used by PERTFE3 rout ine f o r  compu- 

t a t i o n s  of perturbed t r a j e c t o r i e s  

POMI Values of i n i t i a l  and f i n a l  masses of powered s tages  used by PER'FRB 

rout ine f o r  computations of perturbed t r a j e c t o r i e s  

PPAY S e n s i t i v i t i e s  r e l a t i n g  f i n a l  w e i g h t  t o  e r ro r s  i n  terminal cons t ra in ts  

PSA Vector of p i t c h  plane steady-state cont ro l  angles f o r  cont ro l  segments 

one and two used by PERTRB routine f o r  computations of perturbed 

traj  ec tor  ier 

PSR Vector of p i t c h  plane slopes f o r  con t ro l  segments one and two used 

by PERTRB rout ine  f o r  computations of perturbed t r a j e c t o r i e s  

PSI3 Vector of yaw plane s teady-state  cont ro l  angles f o r  cont ro l  segments 

one and two used by PERTRB routine for computations of perturbed 

t r a j e c t o r i e s  

PSF Vector of yaw plane slopes f o r  cont ro l  segments one and two used by 

PERTRB rout ine  f o r  computations of perturbed t r a j e c t o r i e s  

PSIPH Vector of derivatives of terminal cons t ra in ts  w i t h  respect  t o  last 

s t ace  mass r a t i o  

PSrnTM Vector of stage time durat ions f o r  a l l  s tages  used by PERTKB rout ine 
f o r  computations of perturbed t r a j e c t o r i e s  
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PUVH 

PZETA 

QCrTABL 

RHAV 

SA 

SB 

s E 

SEXTI! 

SF 

SFI. 

SHAV 

SOMI 

SPR 

SST3 

Matrix of t r a j e c t o r y  var iab les  u, v, h, 7 ,  $I, A, B, w, and A for 
i n i t i a l  and f i n a l  values of each stage used by PERTRB rout ine  f o r  

computation of perturbed t r a j e c t o r i e s  

Vector of powered stages mass r a t i o s  used by PERTRB rout ine for ccnn- 

putat ion of perturbed t r a j e c t o r i e s  

Matrix of slopes associated with GTABLE matrix e n t r i e s  i n  STAGE 1 

Vector of average radii of parered s tages  

Vector of p i tch  plane s teady-state  cont ro l  angles for cont ro l  segments 

one and two 

Vector of p i t ch  plane &pes for cont ro l  s e m n t s  one and 

Vector of y a w  plane s teady-state  cont ro l  ang1.a; f o r  con t ro l  segments 

one and two 

Vector with values of cont ro l  segment time durat ion up t o  that  s tage  

f o r  each s tage included i n  a cont ro l  segment, w i t h  a zero s tored  i n  

s tages  not included i n  a cont ro l  segment 

Vector of ;yaw plane slopes f o r  cont ro l  segments one and t w o  

Vector returned by STAGE 1 rout ine  w i t h  s tage  one burnout values Of 

u, v, h, 7 ,  Jr and A 

Vector of saved values of HAV vector  

Vector of saved values of OMI vector  

Derivative of stopping parameter w i t h  respec t  t o  mass r a t i o  

Vector of saved values of ST3 vector  

Vector of stage time durat ion f o r  a l l  stwes 

Correct f u e l  w e i a t  i n  t he  f i n a l  stage 

Data block 43 

Time duration of a coast stage 

Total time i n  each cont ro l  segment i n i t i a l l y  

Current value of con t ro l  segment t i m e  

Matrix of tra,jectory variables u, v, h, T, 

and f i n a l  values of each starre 

I 

8, w and A for i n i t i a l  
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Z hTA Vector of mass ratios for each powered 

ZINV Inverse of weighting function matrix 

ZKA Matrix relating changes in terminal constraints to changes in 
control parameters 

Vector relating changes in terminal constraints to changes in launch ZKAL 
mass 

I 
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4. PROGRAM OPERATION 

DATA INFUT FORMAT 

I Data Blocks 

Data required f o r  PRESM execution are grouped and input i n  data blocks which 
are identified by number. 
such as the case t i t l e  or a stage thrust  table, and u t i l i z e s  a specified 
FORTRAN format f o r  the entire data block. The contents of each data block 
are discussed a d  then summarized on the next several pages. 

Each block contains a common type of information 

Header C a r d s  

Input data are punched on cards which are placed behind the program binary 
deck. Cards for each data bl-ock are preceded and identified by a "header" 
card. The format of the header cards is 413, where the first  f ie ld  is the 
data block number and the second and th i rd  f i e lds  give the (inclusive) 
locations within the data block t h a t  the subsequent data cards are t o  be 
placed. Thus, i f  the user wished t o  change constants 2, 3 and 4 i n  data 
block 10, the header card would be punched 10 2 4 , and 
the first three f i e l d s  of the next card would contain the three constants. 
The fourth f i e l d  of the header card is  used t o  identify the vehicle stage 
number f o r  the data, where necessary. "he stage designation should be 
included only f o r  the data blocks as specified on the following pages. 

- - - - - - - - - - - -  

Card Sequencing 

Cards within each data block must follow sequentially, but data blocks m y  
be arranged in  any order. A blank card must f o l l m  the last data card. 

Successive Cases 

Successive cases can be run on PRESTO with a minimum of additional data 
input. Only the  changes i n  data from the preceding case must be input. 
blank card must follow the data f o r  each case. 

A 

999 card 

A card with 999 punched i n  the first three columns must end the data deck. 
It is  t o  be placed behind the blank card which ends the data fo r  the f i n a l  
eDse. 
indicated t o  the machine operator, so t ha t  the job can be t s ~ k & x d .  

When t h e  READ routine encounters the 999 card, a normal stop i s  

4-1 



DISCUSSION OF THE DATA BLOCKS 

The following discussion w i l l  emphasize only the changes i n  the input 
with respect t o  the PRESTO input. 
w i l l  be complete. 

The 6- definit ion of the data blocks 

Data Block 4 -___ 
(4) For planar missions, optimize theta only. For non-planar missions, 

(11) The {-alpha constraint is no longer available. 

optimize both the t a  and chi. 

If the f irst  stage is 
being used, the zero-alpha constraint is au tma t i ca l ly  applied during 
PRESTO I1 i terations and must, therefore, be specified i n  the input so 
t h a t  the f i n a l  PRESTO runs w i l l  be correct. Positions 5 and 6 i n  data 
biock 22 must correspond t o  the burn time f o r  the first stage. 

(18) This option indicates whether o r  not there is a coast stage between 

(19) If the accuracy of a numerically integrated tra,jectory is not required, 

the two control segments. 

the program will terminate at the end of the last PRESTO I1 i teration. 

(20) Checkout matrices and the integration of the first stage can be output 
with t h i s  option. 

Data Block ‘i 

S t w e  5 is  no longer available. 
stage. For o rb i t a l  launches, stages 2, 3 or 4 may be used as the first stage. 

Data Block 6 

‘l’hcrc is  only one adjustable burn i n  stage 4 and only one adjustable coast 
can he specified. Parameter codes 1 and 2 are not available. 

Stage 1 is always the numerically integrated 

1)ata Block 8 

Al. low no more terminal constraints (including mass) than the number of adjust- 
able controls. 

I ) a t a  BLock 24 

‘Ihe nominal val.ue of coast time is specified i n  addition t o  the coast angle. 
The program w i l l  i t e r a t e  t o  the input t i m e  on the nominal trajectory.  The 
input angle is  an estimate of the coast angle corresponding t o  the desired 
time. 

-.-._-- 
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The recommended weighting flmctions are the following: 

Name - 
C o a s t  
Burn 
Launch Time 
Azimuth 
Plight Path Angle 
I n i t i a l  theta  i n  f i rs t  segment 
Slope of theta  i n  f irst  segment 
I n i t i a l  chi i n  first segment 
Slope of chi i n  first segment 
I n i t i a l  t he t a  i n  second segment 
Slope of theta  in  secmd segment 
I n i t i a l  chi i n  second segment 
Slope of chi i n  second segment 

Data Block 30 

Code 
7 

3,5,6,7 
4 
8 
9 
10 
11 
I2 
13 
14 
1-5 
16 
17 
18 

Weighting Function 
-6 

9 10- 
10- 
500. 
1. 
1000. 
.1 
1000. 
.1 
10 t o  1000 
.1 
10 t o  1000 

2-3 

Thrust must be constant except f o r  the first stage. 

Data Blocks 31, 32, 33 - - 
The only aerodynamic coefficient t o  be used is the drag coefficient f o r  s t q e  1. 

Data Block 40 

The f irst  and last values of theta  f o r  each control segment are specified. 
there i s  no coast between the two control sements, theta  must be continuous, 
i.e.,  the  last value of the f irst  segment must equal the first value of the 
second s e q c n t .  

If 

Data Block 41 

Same as 40 fo r  chi. 

Data Block 42 ---- 

The recommended value f o r  the perturbation i n  the average value of a control 
angle i s  .01 radians. 
If a stage is  quite short, a Larger perturbation should be used fo r  the slope. 
The following values are suggested for the other perturbations: 

For a slope, the recommended value is .0001 rsdians/sec. 

C o a s t  time 5 sec 
1 BC?C 

Azimuth .01 rad 
F l i & t  path angle .001 rad 

----- J.;...- DUI 11 VLIUC. 
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nata Block 41 

DETGAM is the separation between entries i n  the table f o r  stage 1. 
has been made f o r  25 entr ies  on each side of the i n i t i a l  value. A value of 
.1 degree is sufficient f o r  vehicles with an i n i t i a l  f l i g h t  path angle ranging 
from 87 t o  89 degrees. 
f l ight  path angle i s  lower. 

NEWKMI i s  the number of gamma table  entr ies  i n  between evaluation of a new 
sensi t ivi ty  f o r  launch weight perturbations. 
DEUAM Of -1. 

Provision 

A larger value f o r  DEXGAM can be used i f  the i n i t i a l  

3 is a satisfactory value f o r  a 

DEWS1 i s  the change i n  azimuth required before a new sens i t i v i ty  t o  I n i t i a l  
azimuth perturbations is  ccanputed. Ten degrees is  the suggested value. 

Data Block 44 

This data block determines the number of nnntrel  sepeEtc tc 3e usad an& tine 
s-taEes contained i n  each. 
first powered stage i n  segment one. 
remaining stages i n  the first segment, including coasts. Six i s  input a t  the 
end of the f i r s t  sement. 
If there are two segments, the KK4's of the stages i n  the second segment follow 
the  6 and a 7 terminates the data block. 

The first number is  the KK4 corresponding t o  the 
This i s  followed by the KKb's of the 

If there is only one segment, a 7 follows the  6 .  

Example: If the stage sequence i n  data block 5 is 

1 6 2 7 3 4 8 4  

and two segments are t o  be used w i t h  stage 8 i n  between 
the two segments, data block 44 should contain 

2 9 3 4 6 5 7  

Detta Block 45 

A n  expected average a l t i t ude  must be input f o r  each stage. 
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DATA INPUT 

DATA BLOCK NUMBER TITLE 

1 Main Heading 

2 Case Heading 

3 Date 

4 Options 

5 Stage Sequence 

6 Ad justable 
Parameter 6 

FORMAT 

12A6 

l 2 A 6  

2A6 

2411 

1211 

1113 

COMMElYTs 

E ( n )  - See list of available options 

ISTGE (n) 
Powered f l i g h t  stages 1 through 4 
Closed-form coast s taps 6 through 9 

* End sequence with zero 

n w  
IBl(1) = me number of adjustable para- 

meters t o  be optimized 
IBl(2) - The adjustable parameter codes 

i n  non-decreasing order 

w Adjustable Parameter Codes * 
3 Length of coast after f i rs t  burn i n  s t a g e  4 
It Length of first burn i n  stage 4 
5 Length of coast after stage 3 
6 Iength of coast after stage 2 
7 Length of coast after stage 1 
8 Iaunch t i m e  of day 
9 I n i t i a l  azimuth 

10 I n i t i a l  f l i g h t  path angle 

8 Terminal Constraints 713 IB3(n) - Mission-Dependent 
1~3(1)  = Stoppinp; parameter code 
IB3(2) = Form or number of terminal 

1 ~ 3 ( 3 )  = List of constraint codes fo r  

IB3(7) descent missions 

constraints 

orbit-injection and lunar 

w Stopping Parameter Codes * 
A. Orbit-Injection Mission 

1 WOE (VI’ - 2 
2 Available 
3 Available 
4 I n e r t i a l  velocity (v,) 
5 Available 
6 Velocity 
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DATA INHIT 

B. Lunar Transfer Mission 

1 Transfer time to lunar radial distance 

C. Iunar Descent Mission 

Use only Code 6 (velocity) 

D. Planetary Transfer Mission 

1 Hyperbolic Excess Velocity (VH) 

yY Form or Number of Terminal. Constmints * 
Orb1 t - Inlect ion Miss ion A. 

C. Lunar Descent Mission 
and 

The number of terminal constraints (1 through 6 )  

* Include the terminal mass constraint in this count 
B. Lunar Transfer Mission 

1 
2 

1 
2 
3 

1 
2 

: 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

Use Ephemeris, do not constrain inclination of transfer orbit 
Use hphemeris, do constrain inclination 

D. Planetary Transfer Mission 

Do not use Ephemeris (input VH vector) 
MBrs 
Venus 

+-& Constraint Codes for Orbit-Injection and hnar Descent Missions 

Perigee radius 
Orbit inclination 
Longitude of ascending node 
Argument of perigee 

Altitude 
Inertial flight path angle 
Lonplitude 
Inertial azimuth 
Tat 1 tude 
Ami lab le 
A m i  lab le 
Available 
Radius 
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DATA INPUT 

FORMAT COMMErn - T I T U  - DATA BIQCK lwMBER 

9 Output Frequency 2413 *(n) 
Frequency defined as: 

(number of camputed points) 
'(number of output points) 
IB4(1) - I n i t i a l  t ra jectory 

m(3) - Final 
m(4) - Stage code 
1~4(5 )  - I n i t i a l  tmjec to ry  

w(7) - Final 
d ( 8 )  - Stage code 
1134(9) - I n i t i a l  trajectory 

d(11)- Final 
1~4(12)- Stage code 
m(13)- I n i t i a l  t ra jectory 

IBk(15)- Final 
IB~( 16)- Stage code 

10 N o m i n a l .  Constants l l E 1 2 . 8  CTl(n) 
Nominal values shown 
Input only if changes are desired 
CTl(1) = 7.29211E-5 rad/sec omega 
cTl(2) = 1.407735316 ft3/sec2 F W  

CTl(4) = 1716.4827 gas  constant fo r  
atmosphere subroutine 

c~i(5) = 9.154856 ft/sec2 measured sea 
leve 1 p e v i t y  ; we ip$t -to-mass 
conversion factor (GO) 

sea level ambient pressure 

Altitude above which al.1 aero- 
dynamic computations are bypassed 

CTl(8) = 46. Upper l i m i t  of l i n e s  per 
Paw 

C'rl(9) = (Available) 
CT1(10)= .02 sec TIMW 

c ~ i ( 3 )  = 20902900. ft RE 

CTl(6) = 2116.2 lb/ft2 PO 

CTl(7) = 250,000. f t  HAERO 

Tjme-epsilon increment t o  in6ure 
h i t t i ng  c r i t i c a l  t i m e  
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DATA INPUT 

DATA BLOCK ~~ TITLE 

11 Atmosphere 

12 Subroutine 

13 Constant s 

14 Constants 

15 Nominal Constants 

16 Time Duration 
and Number of 
Integration Steps 
Within Each Stage 

17 Input Data 

19 'J'erm ina 1 
Constraint 
Magnitudes 

F O W T  

8~12.8 

8E12.8 

8~12.8 

8312.8 

8~12.8 

12312.8 

20~12.8 

6E12.8 

c o w m  
cT2 (n) Nominal values tabulated 

~ ~ 3 ( n )  i n  report  section 

CTk(n) describing atmosphere 

CT5 (n) subroutine 

*Input only if changes from nominal 
values are desired 

CT6(n) *Input only f o r  change 
Used i n  forming p a r t i a l  derivatives 
across ciosed-form coasts 

C T ~ ( I )  = 1.0 Velocity increment 
&(2) = . O O ~  G- increment 
C S ( 3 )  = 100. Radius increment 
CT6(4) = ,001 Tau increment 
cT6(5) = .I  ass increment 
cT6(6) = . O O ~  Ps i  increment 
CT6(7) = .001 Lambda increment 
C T 6 ( 8 )  = .001 C o a s t  angle increment 

DA1 (n) 
Time i n  seconds 
D A I ( ~ )  Stage 1 t i m e  duration 
DAl(2) Stage 1 points 
~ ~ 1 ( 3 )  Stage 2 time 
D A l ( 4 )  Stage 2 points 
D A l ( 5 )  Stage 3 time 
DAI.(~) Stage 3 points 
D A l ( 7 )  
D A l ( 8 )  Stage 4 t o t a l  points 
DAl(9)  

Stage 4 t o t a l  time duration 

Stage 4 first burnout time 

DA2 (n) 
DM(1) Input should = GO 
DA2(2) = + L O  f o r  takeoff 

= -1.0 f o r  retro-burns 

DA2(17) Magnitude f o r  t o t a l  time 
constraint  

DAk(n) Mission-Dependent 
DAk(1) i s  the  magnitude of the  stoppinp, 

parameter 
DA4(2) are the desired values of t he  

terminal constraints, l i s t ed  i n  
~ ~ 4 ( 6 )  the  same order as In Data Block 

Number 8 
* Units are feet, radians,  seconds 
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DATA INPUT 

DATA BLOCK NUMBER TITLE FORMAT 

uic Terminal Constraints Input Guide uic 

COMmNTS 

20 

21 

22 

23 

A. 

C. 

B. 

D. 

Orbit-Injection and hnar Descent Missions 

As Described Above 
and 

lunar Wansfer Mission 

DA4(1) Transfer time (hours) 
DA4(2) Used internally 
DA4 (3) 
DA4(4) Inclination of transfer o rb i t  (radians) 

Planetery Ransfer  Mission 

DAk(1) Hyperbolic excess velocity 
DA4(2) 
DA4 (3 )  
~ ~ 4 ( 6 )  Wansfer time (days) (DAh(4) and DAk(5) are used 

Right ascension of hyperbolic asymptote (radians) 
Declination of hyperbolic asymptote (radians ) 

internally) 
* DA4(1,2,3) are not required input if PWEP routine is called 

I n i t i a l  Times 

I n i t i a l  Conditions 

Control Variable 
Constraints 

Constraints on 
State Variables 
During Boost 

2E12.8 

6312.8 

6El2 .8  

4tiQ.8 

DA5 (n) 
DA5(l) Time duration for closed-form 

l i f t -o f f  calculation (sec) 
DA5(2) Launch t i m e  i n  Space Age Date 

(days from January 0.0, 1960) 

DA6 (4 
~ ~ 6 ( 1 )  Altftude ( fee t )  
~ ~ 6 ( 2 )  J;ongitude (degrees 2 from prime 

meridian) 
~ ~ 6 ( 3 )  Latitude (degrees) 
D A ~  (4) Velocity (f eet/second) 
DA6(5) Azimuth (degrees) 
~ ~ 6 ( 6 )  Flight path angle (degrees) 

DA7 (n) 

For (Y = 0 constraint 
DA7(5) Time t o  start t e s t ing  
DA7(6) Time t o  release constraint 

UAV\Il) 

D A ~  ( 1) A v a i  lab le  
DA8(2) Available 
~ ~ 8 ( 3 )  Minimum a l t i t ude  for coast 

-. n I.. \ 

stages 8 and 9 ( fee t )  
ij&$) Av--T.-Ll- 

LQU A5 
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DATA INPUT 

MlRMAT TITLE 

24 N a n i n a l  R a n g e  8E12.8 

- - DATA BU)(=K "EM3 - 

Angles and Time for 
Closed-FOm C o a s t  
stages 

27 

28 

29 

30 

Weighting Constants 1 9 ~ ~ 2 . 8  
f o r  Control Variables 

Convergence Data 6El2 .8  

Permitted Values 5 ~ I 2 . 8  

vacuum Thrust 
Tables 

c o m m  
DA9(n),n=l,k Angles i n  radians of 

DA9(1) C o a s t  stage 6 
DA9(2) C o a s t  stage 7 
M9(3{ Coast stage 8 
DA9(4 C o a s t  stage 9 

DA9(n)n=5,8 C o a s t  time i n  seconds 

DA9(5) C o a s t  stage 6 
DA9(6) C o a s t  stage 7 
DA9(7) C o a s t  stage 8 
~ ~ 9 ( 8 )  C o a s t  stage 9 

DAl2 (n) 

central  arc 

DAl2 (3) For adJustable parameters 
identified by code number 

~ ~ 1 2 ( 1 0 )  as l i s t e d  f o r  Data Block 6 
DAI.~(U) Theta i n  segment 1 
DAQ(U) 
~~12(13) chi  i n  segment 1 
D A U ( 1 4 )  
D A U ( ~ ~ )  Theta i n  seeplent 2 
DAU(16) Theta i n  segment 2 
~ ~ 1 2 ( 1 7 )  Chi i n  segment 2 
DAU(18) 

Theta slope i n  segment 1 

Chi slope i n  segment 1 

Chi slope i n  s e w n t  2 

I n i t i a l  weight improvement 
t o  be used if (automatic) inter-  
nal computation fails 
Epsilon-weight f o r  stopping 
attempted mass improvement 
Maximum number of forward tra- 
jector ies  per case 
Velocity below which Runge 
Kutta integration is always used 
Velocity t o  start open-loop 
computations 

L i s t  i n  same order as constraints 
are specified and i n  the same 
un i t s  
10,OOO feet f o r  distances and 

one degree on angles 

12E12.8 mi, T T ~ ,  m, n4 
* Stage code required on header cards 

Sequence: Blank, time, thrust ,  time, 
thrust.. . 1.OE10 
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DATA INPUT 

Tables (ALPHA = 0) * S t a g e  code required on header cards 
Sequence: B l a n k ,  Mach, Q, Egch, CD, 

Mach.. . . . . l .OElO 

I DATA BLOCK W E R  TITLE 
I 

FORMAT COMMENPS 

39 

40 

41 

42 

43 

Stage Data 5312.8 SG1, SG2, SG3, &, each dimensioned 5 * Stage code required on header cards 

1) vacuum I, (sec) 
2) Aerodynmfc reference area2($) 

SGx(3) 
SGx(4) I n i t i a l  weight (lb) 
SGx(5) Final weight (lb) 

Theta History 41~12.8 * CNTRLl(n) Units of degrees 
C m L l ( 1 )  
CNTRLl(2) 
CNTRL~ 3) 
CNlXL1 t 4) Final value f o r  second segment 

CNTRK?(~) 
CNTRI2(2) 
C N T R I ~ ( ~ )  
CM!RI2(4) 

Total nozzle exi t  =ea (ft ) 

I n i t i a l  value for first segment 
Final value f o r  first seeplent 
I n i t i a l  value f o r  second segment 

Chi History 4El2.8 * CNTRI2(n) Units of degrees 
I n i t i a l  value for first segment 
Final value for first segment 
I n i t i a l  value for second seeJnent 
Final value for second segment 

*When making a change i n  t he t a  or chi, the 
ent i re  table  must be input. 

Perturbations 8E12.8 DELTA(n) 
Dh%TA( 1) 

Also used i n  mass 
improvement calcula- DELTA(2) 
t i on  

DELTA ( 3) 

DELTA@) 

DGTA(5) 
DEEPA (6) 
DELTA(7) 
DELTA (8) 

A v e r a g e  value of t he t a  and chi 
i n  first segment 
Slope of theta  and chi i n  
f irst  segment 
Average value of theta  and 
chi  i n  second serpent 
Slope of t he t a  and chi i n  
second segment 
Flight path angle 
Azimuth 
coss t 
Fourth stage burn 
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DATA INPUT 

DATA BLOCK "MBER - TZTU FORMAT COI4M3IWS 
I- 

44 Stage Sequence i n  l O I 3  ISEG (n) 
K K ~  of stages i n  control segments. 
Place 6 i n  between segments and 7 at end. 

Control Segments 

KK4 - Stage Number 

2 2 
3 3 
4 - 1st burn 4 
4 - 2nd burn 5 
6 8 
7 9 
8 IC! 
9 11 

45 I n i t i a l  Average 5El2.8 HA.I(n) 
Altitude for Powered 
Stages H A V I ( ~ )  stage 2 

MVI(3) Stage 3 
HAVI(4) 
HAVI(5) 

Stage 4 - first burn 
Stage 4 - second burn 
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DATA INrmT 

* LIST OF AVAILABLF: OPTIONS FOR DATA BIX)CK NUMBER 4 +)t 

Mission 1 Orbit-injection 
2 Inject into lunar t ransfer  from 

Earth l i f t o f f  
3 Inject  i n to  lunar t ransfer  frm 

Earth orbi t  
4 Lunar landing 
5 Inject  into planetmy transfer from 

Earth l i f t o f f  
6 Inject into planetary transfer from 

Earth orbi t  

I Axes o Rutating and 3D 
2 Non-rotating and 3D 

0 

Control Variables t o  
be optimized 

C losed-Form Liftoff 
Computation 

m s t  

0 Theta only 
1 Theta and Chi 

0 Use t h i s  computation 
1 Do not use t h i s  computation 

0 Table look-up - vacuum thrust v6 t i m e  

Mass Computation 

Aerodynamics 0 L i f t  = 0. only 

Frequency of New Adjoint 
Solution 

1 mer every successful forward 
trajectory 

Special Computations and 
Printout 

0 None 

Constraints on Control 
Variables 

0 None 
2 ALPHA = 0.0 

Constraints on State 
Variables 

0 None 

Total Time Constraint 0 Do not constrain t o t a l  time 
1 D o  constrain t o t a l  time 

Mass-Improvement Procedure 0 Fixed launch weight 
I. Fixed f i n a l  weight 
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DATA INPUT 

it+ LIST OF AVAILABLE OFTIONS )(.1F 

~ ( 1 6 )  Output 

IP(l7) Output of Input Data 

Ip(18) Coast Between Control 

IP(l9) Make Final Iterations on 

Segments 

PRESTO 

P(20) Output of Check Mtrices 

0 Donotdumpmemory 
1 Dump memo~y at end of job (includes 

floating-point dump of floating-point 
numbers in cornanon) 

1 Non-buffered output 

0 Do not output data 
1 Output data 

0 No c w t  between eegplenta 
1 C o a s t  between segments 

0 Do not call  PRESTO 
1 Call PRESTO 

0 
1 Output check matrices 

Do not output check matrices 
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Changes i n  Program U s e  as Compared t o  PRESTO 

"here are several changes and limitations i n  the use of PRESTO I1 as 

compared t o  PRESTO. These are  listed here. 

1. A cylinder is not a good representation f o r  the Earth if large 
lateral maneuvers are made. The accuracy of PRESTO I1 w i l l ,  therefore, fa l l  

off as the s i ze  of the lateral maneuver increases. 

term i n  the equations 2. The approximation concerning the - r 
uv 

of motion is  not good when one stage goes f rm orb i t a l  speed t o  a high super- 

c i rcular  velocity. 
fers requiring a large hyperbolic excess velocity. 
satisfactory f o r  lunar t ransfer  missions. 

The program should not be used f o r  interplanetary trans- 
Program operation is 

3. When using the lunar landing mission option, the horizontal 
component of velocity must not be allowed t o  go negative. 
if a poor nominal i s  used o r  if the stopping parameter i s  too close t o  zero. 
Interpolation t o  the correct stopping condition fails when the velocity goes 
negative . 

mis can happen 

4. When the t o t a l  t i m e  constraint option is used, the weighting 
function associated w i t h  the f i n a l  coast stage must be set t o  a large number, 

8 e.&, 10 . 
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5 .  DERIVATION AND PROGRAMMING OF OPTIMIZATION EQUATIONS 

The optimization procedure used i n  PRESTO I1 i s  similar t o  t h a t  used In 
PRESTO. The major differences are: 

1. The t h r u s t  or ientat ion angles a re  now d i sc re t e  r a the r  

than continuous; therefore no in t eg ra l  terms appear. 

2. The calculat ion f o r  new controls i s  made only once a t  

the beginning of a t r a j ec to ry .  There i s  no closed-loop 

calculat ion as i n  PRESTO. 

3. The s e n s i t i v i t y  of terminal constraints  t o  a change i n  

a control  i s  determined by perturbing the con t ro l  and 

then comparing the perturbed terminal constraint  with 

the nominal value. This process replaces the backward 

integrat ion runs i n  F'RESM. 

I The fundamental r e l a t i o n  i s  

where 

d V =  K d t  + L dm; 

d 9  i s  the terminal constraint  vector 

de i s  the control  vector 

dm; i s  the perturbation i n  launch mass 

U i s  a matrix of s e n s i t i v i t i e s ,  o r  

influence coeff ic ients  

L is  a vector of influence coe f f i c i en t s  

f o r  launch mass perturbations 

A t i-ajectory tem-inat,es when a stopping parameter, S, i s  s a t i s f i e d .  The 

influence of the controls and the launch mass on the stopping parameter is 

represented by the equation 



It is not e f f i c i e n t  t o  interpolate  t o  the co r rec t  value of the stopping 

parameter when perturbing the controls.  The reason f o r  t h i s  i s  t h a t  each 

attempt a t  interpolat ion requires the same computation t h a t  I s  made t o  
integrate  the  motion f o r  the e n t i r e  stage. Therefore, t he  s e n s i t i v i t y  

matrices w i l l  be evaluated f o r  a f ixed  value of t he  mass r a t i o ,  3 . They 
w i l l  then be converted t o  s e n s i t i v i t i e s  w i t h  respect t o  a fixed stopping 

parameter. The subscr ipts  f and s w i l l  be used t o  indicate  whether 

the matrix refers t o  a fixed m a s s  r a t i o  o r  fixed stopping parameter con- 

di t ion.  

The following equations relate terminal perturbations at a f ixed  stopping 

parameter t o  the pertnrbntisi is U i  a f i x e d  mass r a t i o .  

d Y  ; s ' = -  dS 
d.3 where 't" = 

and df  is  the change i n  the nominal mass r a t i o  required t o  meet the stopping 

condition i n  the presence of a con t ro l  perturbation. 

By def ini t ion,  d S l p = O .  Solving Eq. 4 f o r  , one obtains  

ak SI, 
s' d f  = - 
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Subst i tute  Eq.  5 i n t o  Eq. 3 t o  obtain 

, E q s .  1 and 2 are t o  be evaluated f o r  fixed mass r a t i o s .  Using the proper 

subscripts,  subs t i t u t e  then i n t o  Eq, 6 t o  obtain 

where 

It  i s  now desired t o  f ind  the vector de which w i l l  produce a desired 

change dy(, i n  the presence of a launch mass change dm . Further- 

more, a weighted sum of the squares of the changes i n  the  control  parame- 

ters should be minimized, i .e . ,  one desires t o  minim'ize 

while s a t i s fy ing  Eq. 7. Z i s  a diagonal matrix of weighting functions. 

U s e  Lagrange mul t ip l i e r s  t o  form the quantity 

T 
V - d e  Z d e  +p(dWI,-K,de - L,Lm;) 
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Write the f i rs t  order perturbation equation f o r  V 

S V must be zero f o r  a r b i t r a r y  changes i n  dc . The coe f f i c i en t  of &(ab) 

must therefore be zero. Solving f o r  dt. gives the  following r e s u l t .  

2-l dc: = 
2 

To determine /L , subs t i t u t e  Eq. 10 i n t o  Eq. 7. 

Subst i tute  Eq. 11 i n t o  Eq. 10 t o  obtain 

I n  the program, the following notation has been used 

Kg = 4 K Z  K p  = 4KS 

M g =  4 M Z  M, = 4MS 

Y’ = PSLPR S I =  S P R  
y-!s’ = PDS 

Z-’K:(K, Z-’ K i j ’  L,= ZKhL 

L f ’  &&z L, = b - s  

N g =  IQNZ N, = kNS 

~ - ~ K J K ~ Z - I K , T  j’= ~ K A  

KsZ- ’ZST = A A  

E-’= Z I N V 

(KJZ;)-’ = A A  

5 -4 

~ 



KJ, L y ,  Ms , Ns , Y’, and s’ 
routine,  K3 and Ms a re  determined by perturbing the controls,  

one by one, and observing the e f f e c t  on the terminal constraints .  

LQ and Ng are determined i n  the same way with the launch 

are  evaluated i n  the PERTRB sub- 

mass perturbed. V ’  and S‘ a r e  evaluated by perturbing the 

mass r a t i o  of the f i n a l  stage. 

K, , L p ,  M~ and N are cmputed i n  the MEQ2 subroutine. AA i s  

formed and inverted and subs t i t u t ed  back in to  AA. ZKA and ZKAL a re  

then formed. 

ZINV i s  computed a t  the start of the main program. 

t i o n  of the change i n  the control  vector (Eq.  12) i s  made i n  the CqNC 
subroutine i n  the form 

The a c t u a l  camputa- 

where DChN i s  the program symbol f o r  de. 

OPTIMIZATION SUCCESS CRITERION 

The optimization success c r i t e r i o n  i s  i d e n t i c a l  t o  t h a t  used i n  PRESTO. 

Only the notation has been changed. 

PRESTO repor t  becomes 

Thus, Eq. 1 on page 8-14a i n  the 
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An optimization run i s  successful if the terminal constraints  are  suf- 

f i c i e n t l y  close t o  the desired values and if  

3C 
where f o r  the f ixed  launch weight option 

and 

f o r  t h e  f ixed f ina l  stage option. 

SELECTION OF MASS IMPFK3VEMENT 

The select ion of mass improvement d i f f e r s  from PRESTO i n  t h a t  the improve- 

ment to be asked f o r  i s  recmputed a f t e r  every successful  run using the 

r e  l a t i o n  

dm,,, i s  then added t o  dm+ t o  obtain d v ,  , which i s  the a c t u a l  
change i n  final mass requested. If a run i s  unsuccessful, dwNow i s  

cut i n  h a l f .  

of dm,,, made a f t e r  a successful guidance run. 

I n  the output, IlMASD s t i l l  i nd ica t e s  the f i r s t  computatioll 
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6. EQUATIONS OF MOTION 

AN APPROXIMATE SOLUTION TO THE THREE-DIMENSIONAL EQUATIONS 

OF MOTION OWSIDE OF THE KMOSP?ERE 

If motion is r e s t r i c t e d  t o  t h e  v i c i n i t y  of a great c i r c l e  defined by 

t h e  i n i t i a l  ve loc i ty  vector, it I s  reasonable t o  represent t h e  Earth 

as a cylinder.  

lateral d i rec t ions  is uncoupled. 

i n  t h e  usual  polar  coordinate system w h i l e  the  lateral motion takes  

place under t h e  assumption t h a t  t he  Earth is flat .  

On a cy l indr ica l  Earth, motion i n  t h e  longi tudinal  and 

h n g i t u d i n a l  motion msy be described 

The coordinate system used i n  PRESTO I1 is shown on the  next page. 

The i n i t i a l  ve loc i ty  vector lies i n  t h e  Tx - i 
is along t h e  l o c a l  horizontal  and t h e  

vector.  

and Tz axes, respectively.  

out-of -plane dis tance divided by the  radius. 

- 
plane. The 'ix axis 

axis lies along t h e  radius  
Y 

Y 
u, v, and w are t h e  components of ve loc i ty  along the 'i 

fl is  t h e  in-plane range angle. 
x' y' 

h is t h e  

The t h r u s t  o r i en ta t ion  angles are i l l u s t r a t e d  on t h e  next page. 

t h e  angle between t h e  'i; axis  and the  component of t h rus t  i n  t h e  zx - i 
plane. 

t h r u s t  i n  t h e  Tx - 
t o r  and t h e  l o c a l  horizontal .  It is  related t o  the two control  angles 

by the  Equation: 

8 is  

Y 
K is t h e  angle between t h e  Tx axis and t h e  component of 

plane. 7 is t h e  angle between t h e  t h r u s t  vec- 
Z 
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With lift and drag neglected, the  equations of motion are: 

‘ W  A= - r 

A =  - c -I- 
C 

sgn 5 is normally +l. It is set to -1 for retroburns because 

8 and z are limited to ‘90 degrees. 

It w i l l  be convenient to use the mass ratio, instead of t h e ,  as the 

independent variable. The mas6 ratio is defined 88: 

J=$$ 1 (9) 

where Mi is the mass at the beginning of a stage. The the deriva- 
t i v e  o f  S is: 



With the help of Eq. 10, the  equations of motion are converted to :  

where C is the exhaust velocity.  

The two t h r u s t  orientation angles, 

ance with the "linear-tangent" l a w  j 1. e., 

8 and % , are to vary i n  sccord- 

& e I: C L +  bt 

6 -4 

(18) 



& X =  e t C t  

a, b, e,  and f are constants. 

Using the relation 
M 5 m i - 7  T t  

one can write 

where 

bc m; 
T 

B = -  

With the aid of the following three triangles, the trigonometric terms 
in the equation of motion can be w r i t t e n  as: 

A + B ~  

E + Fg 



1 

The equation for t h e  horizontal  component of ve loc i ty  (Eq. 11) is  
first  integrated with t h e  term containing u V  neglected. One has, 

After i n t e v a t i o n ,  one obtains 
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where 

r 1 

-I L 

For /s , one has 
r-- 

The double integral is  evaluated with the help of the relation 

using Eq. 27, one obtains: 

r 1 



c 

where 

L - 

If B and F are both zero, t h e  last term i n  &. 28 I s :  

In  order  t o  in tegra te  the  equation f o r  v e r t i c a l  veloci ty ,  an in tegrable  

expression f o r  u' must be found. The approach used here is  t o  s p l i t  

t he  logarithmic term f o r  u 

second term I n  a series i n  9 
i n to  two parts and then t o  expand t h e  

. One can write 

Note t h a t  if t h e  slopes of  t he  cont ro l  angles are equal t o  zero, t h e  

second In term i s  equal t o  zero. Furthermore, when B and F are 

not zero, numerical checks f o r  reasonable cont ro l  angles Indica te  t h a t  

t h e  term i n  t he  round brackets does not move very far f r o m  unity.  

t h e  term i n  t h e  round brackets as N/D, where N and D are numerator 

and denominator, respect ively.  Then: 

Write 
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aseming N/D is close t o  unity. Using t h e  approximation 

one obtains for Z the equation: 

U can then be written a6 

r 1 

After co l l ec t ing  terms, one has 

and 



. 

ll+ A&+€'' (BL+FL) 
2 

2 U is now readily integrable. E q .  12 becmes: 

Integration of Eq. 33 y ie lds:  



where 

Using Eq. 27 once again, 

r 

the equation for is  integrated to  give: 

c F (AF -BE) 
(B1 + F ') 'h 

- r - r i - -  f 
L 

- 2 2 Z [ y - q  Z T  

If B and F are zero, the term containing Y becomes: 

(35) 
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I n  a similar manner, t h e  equationa for w and A me integra ted  t o  
give: 

If B and F a r e  zero, t he  tern containing Y becomes: 

It w i l l  be reca l led  t h a t  t h e  term containing uv i n  t he  d i f f e r e n t i a l  

equation f o r  horizontal  ve loc i ty  w a s  neglected. The inf luence of t h i s  

term is accounted f o r  i n  an approximate manner by adding t o  U+ t he  

average value of -EE uv 

gration. This  addi t iona l  term is: 
mult ipl ied by t h e  i n t e r v a l  of i n t e -  

Tr 

T h i s  approximate so lu t ion  t o  the equations of motion is repeated for 
each powered stage w i t h  t h e  f i n a l  conditions at the  end of the  first 

stage becoming t h e  i n i t i a l  conditions for the second s tage.  If 8 
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coast precedes a powered stage, the axis o f t h e  cylinder is  rotated 

so that there is no lateral motion at the beginning of the powered 
state; i.e., A; and w; (LF~ set to zero. 

The value of 

ing the i n i t i a l  and f inal  radius for a stage on the last iteration. 

r that is  used i n  the 6OlUtiOnS is obtained by averag- 

3. is computed using t h i s  average value of r . 
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A t  t h e  end of each powered stage, it is necessary t o  determine the p s i -  

t i on  and ve loc i ty  of t h e  vehicle  w i t h  respect t o  the spher ica l  E a r t h -  

T h i s  computation is done in t he  C!oI"VRT subroutine. 

A t  t h e  beginning of t he  first control  segment and after each coast  we 
have ava i lab le  t h e  i n e r t i a l  azimuth, Vx , t he  l a t i t ude ,  

longitude, 'f . A t  t h e  end of each powered stage, we  know U ,  V ,  

w by and A .  It is necessary t o  compute i n e r t i a l  veloci ty ,  x, i n e r t i a l  flight psth angle, 

h , 8nd t h e  

TI , i n e r t i a l  acimuth, l a t i t u d e  

and longitude. 

Except f o r  t he  symbols mentioned above, t he  terminology used i n  t h i e  

subroutine is not related t o  t h e  rest of the program. 

I n e r t i a l  ve loc i ty  is e a s i l y  found f r o m  t h e  Equation: 

I n e r t i a l  flight path angle is found f r o m :  

V 

6-14 



Spherical  trigonometry is required t o  determine the  remaining var iables .  

Consider t h e  following t r iangle :  

INWAL 
POINT 

The computation is  broken i n t o  two parts. 

and longitude at point 

t h e  i n i t i a l  ve loc i ty  vector.  

\y, at t h e  i n i t i a l  point:  

We first determine the latitude 
A which is on the great c i r c l e  defined by 

7 takes on one of two values depending on 

Using spher ica l  trigonometry, one obtains:  

- 0 i 2  W S & W / - A  ,,,S&~~ea? 
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Compute A m  a from (1) as: 

Use Eqs . (1) and (3) t o  compute: 

d = &-yk; ) 

Knowing d , solve for ,& s'f 

6 7 1 s  always assumed t o  be l ees  than "/x. . 
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. 

The latitude at point A, A,, l e :  

and the longitude i e :  

Knowing 6 r  , one can solve for c using 

and 

Then 
= T - c  

The inert ia l  azimuth at the end of a etage also depends upon the out- 

of-plane velocity,  w . L e t  
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The inert ia l  azimuth is then found f’rom: 

The second part of  the calculation i s  similar to t h e  first except ths t  

A replaces ,& . 

Define an angle m as follows: 

m = + d  

It 
Tn= ZTr - 91p ,+pyvd .  

If  m 7 Z T ,  eubtract 2 IT from it. 
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Define as follows: 

q = m  

77 = 2 T - m  

and 

if rnL7.T- 

i f  m 7T 

Use t h e  quadrant check t h a t  follows Eq. 4: 
Then 

& q b A  
& d T =  aLnoL 

and 

I 

The l a t i t u d e  at the  end of t h e  s tage is: 

X,=F-Oc 

and the  longitude is: 

vhere _nt is t h e  time from the i n i t i a l  point .  
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I 

CONVERSION OF PRESTO I1 COIVI'ROL ANGLES To PRESTO CONTROL AlvcLES 

A t  the end of the PRESTO I1 Iteration, we have two control angles, €12 

defined with respect t o  the PRESTO I1 coordinate system. It is 

necessary t o  convert these angles t o  the PRESTO control angles, Tl  am3 x, 

for  use i n  generating the i n i t i a l  integrated trejectary. 

and %' 

The two coordinate systems are related as sham in the follming di-m. 

The subscript 2 refers t o  the PRESTO I1 system. y is the flight pawl angle. 

6$ is t h e  angle between the great circle path defined by the i n i t i a l  Velocity 

vector i n  the PRJISTN I1 system and the horizontal canponent of velocity I n  
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the PRESTO system. 

by the angle A is assumed to be small. 

that the iz and 3 

The lateral motion in the PRESTO 11 system, described 

This leads to the approximation 

axes are parallel when y is zero. 
y2 

The orientation of the thrust vector in the two coordinate systems 

is shuwn below. 

i Y 

PRES13 PRESTO I1 

The thrust vector in the PRESTO I1 system is  resolved into components 

to give 

- 1 T = rr [X + i  T + T  T 

where T = cos n, cos % 
T = sin T\2 
T = cos $ sin + 

x2 

y2 

zcr 
and tan$ = t a n e 2  cos ~2 

The components of thrust in the PRESTO I1 system, resel..%3 along the 

PRESTO coordinates, is given by 
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c 

= T { ix [-T+ sin 6$ + T cos 6$] + xy [Tq cos 6$ cos y + T sin y 
z2 3r2 

(2 ) 
- T sin 69 sin y 

=2 

The components of thrust in the PRESTO system, resolved along the PRESTO 

coordinates, is given by 

- - 
T = T L l X  cos 7) sin x + i cos 7 cos x + iz sin qj 

Y 

The coefficients of the unit vectors in Eqs. 2 and 3 must be equal. 

obtains 

sin 11 = -T cos 6+ sin 
x2 

cos 11 = &sin ---r 7 

= tan-’( -) sin 7 
cos 7 T 

and 

6 in 1 -  sin x = - 

cos x = J z i n  2 x 

y + T cos y - T sin 6$ sin y 
3r2 22 

6$ + T cos 6$] 
z2 

These calculations are made in the PCAL subroutine. 

The angle 64 is computed as 

66 = rlr - tR 
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t 

L 

4 

where $ i s  the local azimuth and $R is  the instantaneous azimuth along the 

tg-eat circle defined by the i n i t i a l  iner t ia lve loc i ty  vector. *R is  computed 

aftor every step o? integration using the relation 

where 

V cos yr s i n  $R s i n  A I tH = - 
r cos X 
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